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SiiE from Salmonella enterica is a giant 5,559-resi-
due-long nonfimbrial adhesin that is secreted by a
type 1 secretion system (T1SS) and initiates bacterial
adhesion to polarized host cells. Structural insight
has been gained into the 53 bacterial Ig-like (BIg)
domains of SiiE, which account for 94% of the entire
SiiE sequence. The crystal structure of a fragment
comprising BIg domains 50 to 52 of SiiE reveals the
BIg domain architecture and highlights two types of
SiiE-specific Ca2+-binding sites. Sequence homol-
ogy considerations suggest that full-length SiiE
interacts withmore than 100 Ca2+ ions. Molecular dy-
namics simulations and single-molecule imaging
indicate that Ca2+ binding confers SiiE with a rigid
200 nm rod-like habitus that is required to reach
out beyond the Salmonella lipopolysaccharide layer
and to promote adhesion to host cells. The crystal
structure suggests plausible routes for the establish-
ment of the initial contact between Salmonella and
host cells.
INTRODUCTION
Salmonella infections are caused by ingestion of contaminated
food and water. Whereas some Salmonella strains such as
Salmonella enterica serovars Typhimurium or Enteritidis cause
only mild-to-medium impairments, i.e., intestinal inflammation
and diarrhea, other strains such as S. enterica serovar Typhi
induce life-threatening conditions such as typhoid fever (WHO,
2005). Salmonella are facultative intracellular gram-negative
bacteria that enter host organisms through the gastrointestinal
tract, where the intestinal epithelium forms a highly efficient
barrier against infections (Kazmierczak et al., 2001).Structure 21Genes encoding Salmonella virulence factors are mostly clus-
tered in Salmonella pathogenicity islands (SPIs). SPI1 encodes a
type III secretion system (T3SS) that is of central importance for
the invasion of nonphagocytic cells such as enterocytes. SPI4
encodes for a type I secretion system (T1SS) and for the largest
protein of the entireSalmonella proteome, namely SiiEwith 5,559
amino acids (Gerlach et al., 2007; Morgan et al., 2007). SiiE is a
giant nonfimbrial adhesin that is secreted by the cognate T1SS
and facilitates the initial interaction between Salmonella and cells
from the intestinal epithelium. Mutants lacking SiiE fail to attach
and invade polarized epithelial cells via their apical side but are
still able to invade nonpolarized cells (Gerlach et al., 2008). Under
culture conditions, SiiE is partly secreted into the medium and
partly retained as a surface-anchored protein (Gerlach et al.,
2007; Morgan et al., 2007), and the invasiveness of Salmonella
into polarized cells strongly correlates with the concentration
of surface-anchored SiiE (Wagner et al., 2011).
Bioinformatics analyses predict that SiiE contains as many as
53 Ig-like domains, which are flanked at the N-terminal side by a
region containing heptad-repeats important for the surface
retention of SiiE (Wagner et al., 2011) and at the C-terminal
side by two ca. 50-residue-long insertions present on each
side of the C-terminal Ig-like domain 53 (Figure 1A). SiiE-type
Ig domains are present in numerous bacterial proteins and are
generally referred to as bacterial Ig-like (BIg) domains (Punta
et al., 2012). BIg domains are part of the E-set clade of the Ig-
like fold superfamily and can be further divided into eight sub-
families. The BIg domains of SiiE belong to class BIg3_4 and
this class, together with class BIg2, forms the largest subfamily
with over 4,000 sequences frommore than 300 different species
in either of the two classes (Punta et al., 2012). Experimental
structural data are so far only available for members of the
BIg2 and not for the BIg3_4 subfamily.
The mass of 595 kDa of SiiE is remarkable. We previously pro-
posed that the presence of 53 BIg domains might be required to
contact receptors on epithelial host cells and to project beyond
the unusually long O-antigen of lipopolysaccharide (LPS) mole-
cules that cover the surface of Salmonella (Gerlach et al.,, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 741
Figure 1. Domain Architecture of SiiE
Probed by Single-Molecule Force Spec-
troscopy
(A) Domain architecture of SiiE. SiiE contains 53
BIg domains (open ellipsoids). The N-terminal
predicted coiled-coil region and the C-terminal
insertions are shown in black. The crystallized SiiE
fragment SiiE BIg50:52 is highlighted by a gray
rectangle.
(B) Force curves showing the characteristic
sawtooth pattern that indicates the unfolding of
individual BIg domains. A WLCmodel was fitted to
each peak to obtain the change in contour length
for each unfolding event.
(C) Histogram of the unfolding force.
(D) Histogram of the change in contour length due
to unfolding (from 38 force curves containing a
total of 676 unfolding events).
See also Figure S1.
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Structural Insight into the Giant Adhesin SiiE2008). This correlates with the observation that deletion of ten or
more BIg domains reduces Salmonella infectivity (Gerlach et al.,
2008). However, the identity of the surface receptor on epithelial
cells that is recognized by SiiE and the individual SiiE domains
that participate in receptor recognition are currently unknown.
Clearly, insight into the structure of SiiE is highly desirable to
better understand the architecture of SiiE and its role during
the initiation of the Salmonella infection process.
Here, we report the crystal structure of a SiiE fragment that
covers BIg domains 50–52 of SiiE (SiiE BIg50:52). Single-mole-
cule force spectroscopy of full-length SiiE corroborates the
domain structure of SiiE. The structure of SiiE probed by molec-
ular dynamics calculations suggests that the 53 BIg domains of
native SiiE bind over 100 Ca2+ ions and induce a rigid 200-nm
rod-like habitus in SiiE. Single-molecule analyses by electron
microscopy and a cell-based infection assay provide functional
evidence for the involvement ofCa2+ inSalmonellapathogenicity.
RESULTS
Domain Structure of SiiE Probed by Single-Molecule
Force Spectroscopy
We investigated the domain structure of native SiiE secreted into
the supernatant of Salmonella cultures by single-molecule force742 Structure 21, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rights reservedspectroscopy based on atomic force
microscopy (AFM). The characteristic
sawtooth pattern observed in the retrac-
tion part of the recorded force versus
separation curves (Figure 1B) indicates a
sequential unfolding of individual do-
mains as previously shown for several
other proteins like titin (Rief et al., 1997),
spectrin (Rief et al., 1999), or bacteriorho-
dopsin (Oesterhelt et al., 2000). The
sawtooth pattern most likely originates
from the sequential unfolding of the BIg
domains in SiiE. SiiE is predicted to
contain as many as 53 BIg domains.
However, because the site where the pro-tein binds to the tip and gold substrate is unspecific and two or
more domains may unfold at once, fewer than 53 unfolding
events are usually observed. On average we recorded about
18 unfolding events (data not shown) with a maximum of 44
events within one force curve (Figure 1B, lower force curve).
The average unfolding force for an individual BIg domain in
SiiE was 129 ± 53 pN (arithmetic mean ± SD, Figure 1C), which
is comparable to the force needed to unfold individual Ig
domains in titin (150–300 pN) (Rief et al., 1997). The persistence
length obtained from the WCL model fits was 388 ± 166 pm.
A histogram of the changes in contour length caused by the
unfolding of the BIg domains in SiiE shows two distinct peaks
(Figure 1D). The largest peak occurs at DLC,1 = 32 ± 5 nm
(center ± width of a Gauss fit) and corresponds to the unfolding
of a single BIg domain. This value is close to 28–29 nm, which
was previously found for the unfolding of Ig domains in titin
(Rief et al., 1997). A BIg domain contains 98 residues on average
(see below) and could cover about 983 0.35 nm = 34.3 nmwhen
fully extended. This corresponds well with a DLC,1 of 32 nm
augmented by the size of the folded BIg domain (about 4 nm).
A second, smaller peak was identified at DLC,2 = 64 ± 5 nm,
which can be associated with an unfolding event where two
domains unfold simultaneously. A closer look at the lower force
curve in Figure 1B shows that nine of the 44 unfolding events
Table 1. Crystallographic Data Collection and Refinement
Statistics
Crystal Form I Crystal Form II
Data Collection Statisticsa
Wavelength (A˚) 0.9180 0.9797
X-ray source Bessy Synchrotron
Detector Rayonics MX225 3 3 3 CCD detector
Protein sample Native SeMet-labeled
Space group C2 C2
Unit cell parameters a = 129.4 A˚,
b = 69.0 A˚,
c = 67.3 A˚,
b = 90.9
a = 93.5 A˚,
b = 153.3 A˚,
c = 96.3 A˚,
b = 103.9
Molecules/asymmetric unit 2 4
Solvent content (%) 52 57
Resolution range (A˚) 50–1.85 (1.90–1.85) 35–2.12 (2.18–2.12)
No. of reflections (unique)b 50,496 (3,704) 72,931 (4,679)
Average multiplicity 4.1 (4.1) 3.7 (3.1)
Completeness (%)b 99.6 (99.7) 98.0 (85.6)
Mean I/(sI)b 13.9 (3.2) 10.7 (2.9)
Rmeas (%)
b,c 8.3 (53.6) 8.9 (47.7)
Wilson B-factor (A˚2) 25.4 38.7
Refinement Statistics
Final R-factor (%)
Working R-factor 20.64 21.02
Final free R-factor (%)d 24.63 25.97
Rmsds
Bond lengths (A˚) 0.010 0.012
Bond angles () 1.431 1.553
Mean B value (A˚2)
Protein 21.4 43.1
Ligand 16.8 34.7
Solvent 24.3 38.1
No. of protein atoms 4,197 7,506
Ligand atoms 9 20
No. of solvent atoms 285 462
Ramachandran plot (%)
Favored 98.4 97.4
Allowed 1.6 2.4
Outliers 0.0 0.2
aSee also Sturm et al., 2011 and Figure S2 for X-ray fluorescence spectra
recorded from crystals of forms I and II.
bNumbers in parentheses are for the highest-resolution shell.
cRmeas is defined as
P
h½nh=ðnh  1Þ1=2
Pnh
i jhIhi  Ih;i j=
P
h
Pnh
i Ih;i.
dFive percent of reflections have been chosen as Rfree set.
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Structural Insight into the Giant Adhesin SiiE(black arrows) correspond to the simultaneous unfolding of
two domains (contour length change 2 DLC,1). This force
curve thus displays the unfolding of the entire 53 BIg domains
of SiiE if one neglects any contributions from the N- and
C-terminal SiiE extensions (Figure 1A). The contour length
found for the last sawtooth peak before the protein detached
from the tip or the substrate is 1,904 nm. This is approximately
the length of the completely unfolded SiiE. The length of the
folded protein can therefore be estimated as 1,904  53 3
DLC,1 = 208 nm.
To confirm that the sawtooth pattern is caused by the unfold-
ing of single BIg domains, single-molecule force spectroscopy
experiments were repeated with mini-SiiE constructs (Figure S1
available online). Taken together, these experiments illustrate
the highly repetitive architecture of SiiE. Therefore, any structural
insight gained from single BIg domains likely holds true for many
SiiE BIg domains.
Crystal Structure of SiiE BIg50:52
The crystal structure of a proteolytic fragment of SiiE, namely of
BIg domains 50–52 (BIg50:52, residues 5078–5361), was solved
in crystal form I with two molecules and crystal form II with four
molecules in the asymmetric unit to resolutions of 1.85 and
2.12 A˚, respectively (Table 1; Figure 2). SiiE BIg50:52 encom-
passes three BIg domains and displays an elongated conforma-
tion with a total length of about 110 A˚ (Figure 2A). The domain
folds and orientations are extremely similar in the six BIg50:52
molecules present in total in the two crystal forms. They can
be superposed with an average pairwise root-mean-square
deviation (rmsd) of 1.3 A˚ (average number of Ca-atoms aligned
in each pairwise alignment = 249).
The primary structure identifies all three BIg domains as part of
BIg3_4 subfamily in the Pfam database (Punta et al., 2012). The b
strand arrangement shows that domain 50 adheres to the C2-
topology of Ig-like domains, while domains 51 and 52 display a
slightly altered b strand pairing and exhibit I-set topology (Fig-
ure 2B) (Wiesmann et al., 2000). This difference is reflected in
the rmsds. Whereas the rmsd between domain 51 and 52 is as
low as 0.9 A˚ for 96 aligned Ca-atoms (Figure 3), domain 50 devi-
ates from domains 51 and 52 with rmsds of 2.9 and 2.6 A˚ (72 and
70 aligned Ca-atoms), respectively. These values as well as
further details reported below are derived from molecule A in
crystal form I.
When comparing domain 50 to domains 51 and 52, two major
differences become apparent. Domain 50 is missing an extra
Ca2+-binding site that occurs in domains 51 and 52 in a
sequence segment located at the end of b strand A (see below).
Surprisingly, this segment appears to be missing only in domain
50 when considering an alignment of all 53 BIg domains present
in SiiE (Figure S4, see below). In addition, BIg domains 51 and 52
display an extended loop between strands D and E that pro-
trudes from the domain surface and contains a highly conserved
semi-accessible tryptophan residue (W5219, W5322). In domain
50, an equivalent tryptophan (W5127) exists, which however
adopts an alternative side chain orientation, is inaccessible to
the solvent, and points in direction of the core of the Ig-fold.
This tryptophan residue, 74W, is highly conserved throughout
all 53 BIg domains. In the following we will use superscript
numbers in front of amino acids to indicate the position of theseStructure 21residues in a multiple sequence alignment of all 53 SiiE BIg
domains (Figure 4; Figure S4).
Ig-like domains are among the most frequently occurring folds
in proteins (Orengo and Thornton, 2005). A structural homology
search using the Dali server identifies proteins that resemble
the SiiE BIg domains without these however being members of
the BIg3_4 sequence family (Holm and Rosenstro¨m, 2010).
According to the Dali server, the closest structural relatives of, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 743
Figure 2. Crystal Structure of SiiE BIg50:52
(A) Ribbon representation of the crystal structure
of SiiE BIg50:52. Domains 50, 51, and 52 are red,
yellow, and blue, respectively. Ca2+ ions are
shown as green spheres in all panels.
(B) Topology plot. Conserved aspartate residues
are highlighted in red.
(C) Stereo view of the type I Ca2+-binding site
located between domains 50 and 51. The 1.85 A˚
resolution (2mFo-DFc)-type electron density is
contoured at 1.0 s. Water molecules are shown as
red spheres.
(D) Stereo view of the type II Ca2+-binding site in
domain 51. The PyMOL program was used to
generate the structure illustrations in this and all
subsequent figures (The PyMOL Molecular
Graphics System, Schro¨dinger).
See also Figure S3 and Tables S1–S3.
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Figure 3. Structural Relationships in SiiE
(A) Stereo view showing domain 50 (in red,
Ca-representation, red labels) superimposed onto
domain 51 (in yellow, black labels).
(B) Stereo view showing domain 51 (in yellow) su-
perimposed onto domain 52 (in blue, blue labels).
See also Figure S4.
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Structural Insight into the Giant Adhesin SiiEdomain 50 are domain B of glucodextranase from Arthrobacter
globiformis (Protein Data Bank [PDB] entry: 1ULV) and a fibro-
nectin III-like (FnIII) repeat of Tenascin-R from Rattus norvegicus
(1TDQ) with rmsds of 1.7 and 2.1 A˚ (Z score: 9.4 and 9.1), respec-
tively (Berman et al., 2007; Holm and Rosenstro¨m, 2010).
Searching the Dali server with domain 51 and 52 identified
human leukocyte-associated Ig-like receptor as a structural
homolog. It shares an rmsd of 2.3 A˚ (Z score: 9.4 and 9.5) to
either domains 51 and 52 and is implicated in the binding of
collagen (3KGR). Other structural relatives of domains 51 and
52 of SiiE act as linker modules in proteins in which they occur.
Thus, domains 51 and 52 display an rmsd of 1.9 and 2.0 A˚
(Z score: 10.1 and 9.6) to the FnIII-like modules of CbhA from
Clostridium thermocellum (3PDD). The majority of these struc-
turally related proteins are implicated in cell adhesion and
participate either in protein-protein or protein-carbohydrate
interactions.Structure 21, 741–752, May 7, 2013SiiE BIg50:52 Contains Two Types
of Calcium-Binding Sites
Four Ca2+ cations are present in each SiiE
BIg50:52 molecule (Figure 2). The identity
of the bound metal is corroborated by the
observed metal ion coordination (Table
S1) (Harding, 2006), the calculated cal-
cium bond valence sums (Mu¨ller et al.,
2003) (Table S2), X-ray fluorescence
spectra (FigureS2), anda longwavelength
phased anomalous difference electron
density map (Figure S3; Table S3). The
Ca2+-binding sites belong to two different
types (Figure 2). Type I Ca2+-binding sites
(I1 and I2) are present in the domain inter-
faces that join either domain 50 to 51
(BIg50:51 interface) or 51 to 52 (BIg51:52
interface). As a consequence, the three
aspartic residues that participate in a
type I Ca2+-binding site are provided by
two consecutive BIg domains. Four resi-
dues and twowatermolecules coordinate
the calcium in the type I-binding site in the
BIg51:52 interface, namely 117D5256 right
after strandGof domain 51, 43D5296 from
the loop that connects b strands B and C
(BC-loop), and 97D5343 from the FG-
loop of domain 52, as well as the carbonyl
oxygen atom from the main chain of
residue 1T5258 (Figures 2 and 4).
Type II Ca2+-binding sites are
comprised within single domains, eitherwithin domain 51 (site II1) or 52 (II2). The Ca
2+-coordinating
residues are displayed from a loop that interconnects b strands
A and A0 (Figure 2B). In domain 51, the Ca2+-binding site
involves the side chains of aspartic residues 16D5172 and
24D5178 and three carbonyl oxygen atoms from the main chain
of residues 17S5173, 20T5175, and 27I5180 as well as a water
molecule.
The closest distance between two Ca2+ ions bound to a type
I- and II-binding site is 11.5 A˚. A tightly packed network of
residues interconnects these two binding sites across the
BIg51:52 interface and involves residues from the segment
97D-x-A-G-101N. This segment and the aspartic residues that
coordinate the Ca2+ ions are among the most conserved resi-
dues in all SiiE BIg repeats (Figure 4C).
The Type II Calcium-Binding Site for SiiE
Calcium-binding sites are frequently observed in Ig-like domains
in cell surface proteins. For example, the PKD domain fromª2013 Elsevier Ltd All rights reserved 745
Figure 4. Sequence Relationships between
All 53 BIg Domains in SiiE
(A) Sequence conservation within the 53 BIg do-
mains. The positions are numbered 1 to 118 ac-
cording to the multisequence alignment provided
in Figure S4. The consensus sequence is shown
below and the b strand assignment of domain 51 is
shown above.
(B) Ribbon representation of SiiE domain 51 (yel-
low) with neighboring domains 50 (red) and 52
(blue) shown in parts. Highly conserved residues
(A) are drawn as sticks and Ca2+ ions as green
spheres. Aspartates are red and glycines are
green.
(C) Close-up view of the DxAGNmotif that bridges
the Ca2+-binding sites of BIg domains 51 (yellow)
and 52 (blue). Ca2+ ions and water molecules are
shown as green and red spheres, respectively.
See also Figure S5.
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Structural Insight into the Giant Adhesin SiiEthe Clostridium thermocellum plant cell wall-targeting endoglu-
canase (PDB entry: 2C26) shares about 15% sequence identity
and an rmsd of 1.9 A˚ with domains 51 and 52 of SiiE (Z-score:
8.9 and 8.8) (Najmudin et al., 2006). Ca2+ binding to this PKD
domain occurs at a position equivalent to that of the type I-bind-
ing sites in SiiE (Najmudin et al., 2006). PKD domains are
generally involved in protein-protein or protein-carbohydrate
interactions (Orikoshi et al., 2005) and similar functions are
also expected for the BIg domains in SiiE (C.W., B.B., and
M.H., unpublished data). Cadherins are further examples for
proteins containing E-set Ig-like domains with multiple Ca2+-
binding sites at the boundaries between individual domains.
Three Ca2+ ions stabilize each interface and keep the cadherin
molecule in an elongated conformation (PDB entry: 1L3W) (Ber-746 Structure 21, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rights reservedman et al., 2007). Cations stabilize the
elongated conformation in the bacterial
adhesin SpaA from Corynebacterium
diphtheria (3HR6). Thus, the occurrence
of repetitive Ig-like domains stabilized
by Ca2+ ions is a recurring feature in cell
surface proteins. Examples for type I
Ca2+-binding sites can be readily found
in other proteins; in contrast, this study
identifies a type II-binding site formed
by the loop segment at the end of b
strand A in BIg domain 51 and 52.
Calcium Binding Rigidifies the BIg
Repeats
To gain insight into the structural impli-
cations of Ca2+ binding, 150 ns MD sim-
ulations were performed for SiiE in the
presence and absence of Ca2+. The re-
sults show that Ca2+ ions play an essen-
tial role in maintaining the extended
overall conformation of SiiE BIg50:52
(Figure 5). While Ca2+-bound SiiE re-
mains elongated over the entire simula-
tion time, removal of Ca2+ causes a curl-ing at the BIg50:51 interface after approximately 10 ns and a
sharp kink at the BIg51:52 interface after 90 ns as reflected
by an increased rmsd value and decreased interdomain dis-
tances (Figure S6).
Geometric analysis of the Ca2+-coordinating residues reveals
larger fluctuations in Ca2+-free SiiE for each of the four binding
sites (Figure S6), thus underscoring the importance of both
type I- and II-binding sites for the structural integrity of SiiE.
However, only a modest overall increase of distances between
Ca2+-binding residues is observed, but no complete unfolding
of the respective sites in Ca2+-free SiiE. This observation is in
line with amodel in which SiiE can fold in the absence of calcium,
but displays a less elongated andmore flexible overall conforma-
tion prior to Ca2+ binding.
Figure 5. Ca2+ Ions Rigidify SiiE
(A) Overlay of free and calcium-bound SiiE after
100 ns MD simulation by fitting the middle BIg51
domain of the two structures.
(B) Overlay resulting from a fit of the C-terminal
domain BIg52 of SiiE BIg50:52. Arrows indicate
curling and bending of subunits relative to each
other for calcium-free SiiE compared to calcium-
bound SiiE. Ca2+-bound SiiE BIg50:52 is red
(BIg50), yellow (BIg51), and blue (BIg52). The do-
mains of Ca2+-free SiiE are presented as faded
colors.
(C) Electron microscopy images of full-length SiiE
in the presence and absence of Ca2+. Prior to
image recording, the protein preparation was
treated by addition of H2Od (mock), 3 mM EGTA,
and 3 mM CaCl2. Scale bar, 200 nm.
See also Figure S6.
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Structural Insight into the Giant Adhesin SiiEBecause the BIg domains of SiiE are highly homologous (see
below), we wondered whether the Ca2+-induced stiffening of
SiiE BIg50:52 observed in MD calculations extends to the
entire SiiE molecule. Indeed, electron microscopy images of
full-length SiiE single molecules reveal an elongated rod-like
habitus of SiiE (Figure 5) (Wagner et al., 2011). In contrast, incu-
bation of SiiE with either 3 mM EGTA or EDTA leads to severely
kinked SiiE molecules (Figure 5; Figure S7). The addition of Ca2+
or EDTA/EGTA and Ca2+ simultaneously had only little effect on
the curvature of SiiE.
Structural Implications for the Entire SiiE Molecule and
Related T1SS-Secreted Adhesins
When treating aspartate and glutamate residues as equal in a
multiple sequence alignment of all 53 BIg domains of SiiE (Fig-
ure 4; Figure S4), a total of 18 positions can be identified that
exhibit identical amino acids in no less than 80% of all SiiE BIg
domains (Figure 4) (Gerlach et al., 2007). Six positions are
occupied by either aspartate/glutamate residues and their
occurrence can be easily explained by the conservation of
the type I and type II Ca2+-binding sites in almost all SiiE
BIg domains. As noted before, 16D and 24D are key signatureStructure 21, 741–752, May 7, 2013residues for the type II Ca2+-binding site,
and with the single exception of domain
50, which displays a deletion at this po-
sition, type II Ca2+-binding sites appear
to be highly conserved throughout the
entire SiiE protein (Figure 4; Figure S4).
Residues 43D, 97D, and 117D correspond
to residues involved in type I Ca2+-bind-
ing sites and again this binding site ap-
pears highly conserved throughout SiiE.
Interestingly, a sixth conserved aspar-
tate residue can be identified, namely
86D. This residue is not involved in
Ca2+ binding and currently no straight-
forward explanation can be provided
for the conservation of this residue
(Figure 4).The conservation of the segment 97D-x-A-G-101N and of
residue 74W is remarkable. The former segment interlinks the
type I and type II calcium-binding sites across the domain
interface, and in this motif 101N is directly hydrogen-bonded
to 97D, which participates in type I calcium binding. The tryp-
tophan residue 74W is semisolvent accessible in domains
51 and 52 (solvent-accessible surface area of 71.4 A˚2, data
not shown) and is strictly conserved in 47 SiiE BIg domains
(Figure S4). Such a surface exposed aromatic residue could
for example participate in the interaction with carbohydrates
as often seen for sugar binding to proteins (Dutzler et al.,
1996).
The sequence conservation pattern from Figure 4 is similar to
the hidden Markov model (HMM) logo provided for the BIg3_4
family in the PFAM domain database (Eddy, 1998; Punta et al.,
2012). However, whereas the HMM logo only covers 54 residues
corresponding to positions 58G to 118T of the domain (including
deletions and insertions), our pattern extends over the entire
BIg domain. A phylogenetic analysis aiming at detecting an
evolutionary relationship among the 53 BIg domains highlights
two densely populated clusters. One of these harbors among
other domains also domains 51 and 52 (Figure S4). Theª2013 Elsevier Ltd All rights reserved 747
Figure 6. Ca2+ and Mg2+ Affect SiiE-Depen-
dent Invasion of Salmonella
(A) Effect of Ca2+ and Me2+ chelation on invasion of
polarized MDCK cells by Salmonella. Invasion was
performed with siiF or invC strains if indicated;
otherwise, Salmonella WT was used for infection.
Bacteria were used to infect polarized MDCK cells.
The bacteria were diluted in PBS to an OD600 of 0.2
and incubated for 15 min pretreatment (none), with
the addition of 3 mM CaCl2, 3 mM EGTA, or 3 mM
EDTA as indicated. X + Y indicate that ions and
chelators were applied simultaneously, X / Y
indicates that chelator treatment for 15 min was
followed directly, without washing, by treatment with ions for 15 min. The proportion of invaded bacteria was determined by gentamicin protection assays.
Infection experiments were performed in triplicate and means and SDs are shown. The data are representative of one of three independent biologic replicates.
(B) Effect of Mg2+ and Me2+ chelation on invasion of polarized MDCK cells by Salmonella. The experiment was performed as described for (A), but 3 mM MgCl2
was added as indicated.
(C) Effect of Ca2+ and Me2+ chelation on invasion of nonpolarized HeLa cells by Salmonella. The experiment was performed as described for (A), but HeLa cells
were used for infection. In all panels, the invasion was normalized for the invasion rate of mock-treated WT set to 100%. Statistical analysis was performed by
one-way ANOVA with Bonferroni t-test and as indicated as follows: n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001. See also Figure S7.
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Structural Insight into the Giant Adhesin SiiEphylogenetic analysis suggests that the central part of SiiE most
likely originates from pairs of BIg domains having undergone
multiple duplication and fusion events. The phylogenetic anal-
ysis also shows that whereas domains 51 and 52 can be consid-
ered as close representatives of many SiiE domains, domain 50
appears unique. This is in line with the differences seen between
these domains in the crystal structure of SiiE BIg50:52.
Overall and despite small differences, it seems obvious that all
53 domains of SiiE are highly homologous and that therefore any
insight obtained from the SiiE BIg50:52 fragment can be readily
extended to the missing domains 1–49 as well as domain 53.
Moreover, the conservation of the Ca2+-binding sites and the
97D-x-A-G-101N motif that interlinks the binding sites across
the domain interface suggests that the interactions observed be-
tween BIg domain 51 and 52 are repeated throughout most of
the SiiE molecule. We therefore propose that the giant adhesin
SiiE acts as a calcium-rigidified, rod-like, surface-anchored
molecule.
The structure of SiiE has implications for other T1SS adhesins
such as for example BapA from Salmonella enterica and LapF
from Pseudomonas putida (Latasa et al., 2005; Martı´nez-Gil
et al., 2010). A comparison of all 28 BapA and 64 LapF domain
repeats with SiiE reveals that these proteins are also composed
of BIg3_4 domains (Figure S5). However, whereas aspartate
residues participating in the type I Ca2+-binding sites are univer-
sally conserved throughout these proteins, type II Ca2+-binding
sites appear to be missing in BapA and LapF. Furthermore, the
64 BIg domains in LapF as well as eight out of 28 BIg domain
repeats in BapA appear to resemble more closely to BIg domain
50 of SiiE, whereas the remaining 20 BIg domain repeats in BapA
are more closely related to SiiE BIg51 or 52.
Role of Calcium during Invasion
SiiE is specifically required for the adhesion to and invasion of
the apical side of polarized epithelial cells such as the canine
kidney cell line MDCK (Gerlach et al., 2007, 2008). SiiE function
is not required for invasion of nonpolarized cells such as HeLa
cells. We hypothesized that the presence of Ca2+ in SiiE is also
required for the function of the adhesin during interaction with
polarized epithelial cells. To test this hypothesis, we performed748 Structure 21, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rightsinvasion experiments with Salmonella after pretreatment with
Me2+-chelators and/or addition of divalent cations (Figure 6).
The nonadherent DsiiF and noninvasive DinvC strains were
used as negative controls for MDCK and HeLa cell invasion,
respectively.
The preincubation of Salmonella with 3 mM EGTA or EDTA
resulted in decreased invasion of MDCK cells, but had no effect
on the invasion of HeLa cells. The addition of 3 mM CaCl2 or
MgCl2 did not affect invasion rates. If incubation with 3 mM
EGTA or EDTA was followed by an incubation with 3 mM
CaCl2 or MgCl2, invasion was only partially restored to levels of
the mock-treated control. For reasons currently unknown, the
simultaneous addition of EDTA/EGTA and CaCl2/MgCl2 resulted
in increased levels of invasion.
None of these treatments had detectable effects on the inva-
sion of nonpolarized cells by Salmonella, indicating that neither
bacterial nor host cell viability was affected by the presence of
chelators or additional divalent cations. These results demon-
strate that removal of Ca2+ by chelating agents affects polarized
cell invasion, most likely by affecting SiiE structure and function.
DISCUSSION
The crystal structure of SiiE BIg50:52 allows detailed structural
predictions of entire SiiE. The conservation of key amino acids
participating in either Ca2+ binding or the hydrophobic core
packing suggests that all 53 BIg domains in SiiE are structurally
highly similar. This is in agreement with the highly repetitive un-
folding behavior of SiiE in single-molecule force spectroscopy
experiments. The crystal structure also provides clear evidence
that SiiE binds in excess of 100 Ca2+ ions. Ca2+ ions bind either
directly at the domain interface or close to the interface, and the
binding sites are interconnected by a conserved 97D-x-A-G-101N
sequencemotif. This observation in conjunction withMD simula-
tions and single molecule imaging of SiiE in the presence and
absence of Ca2+ supports the conclusion that Ca2+ rigidifies
consecutive pairs of BIg domains leading to a rigid rod-like over-
all structure of SiiE. The length of individual SiiE molecules in
electron microscopy images (175 nm) approximates the length
extrapolated from the crystal structure (210 nm) or singlereserved
Figure 7. Putative Routes for SiiE-Mediated Adhesion
The left side highlights how host cell carbohydrates may interact with surface
exposed loops in SiiE. The right side shows a conserved crystal contact of BIg
domains 50 of SiiE with a symmetry related copy of itself. The contact is
mediated by hydrophobic interactions and hydrogen bonds and may mimic a
contact between SiiE and Ig-like domains in receptors on the surface of host
intestinal epithelium.
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Structural Insight into the Giant Adhesin SiiEmolecule force spectroscopy experiment (208 nm). Taken
together, our study suggests that the crystal structure of SiiE
BIg50:52, which covers only 5% (280 residues) of the SiiE
sequence, allows for detailed structural insight into the entire
SiiE with 53 BIg domains that comprise 94% of this nonfimbrial
adhesin.
Ca2+ binding to SiiE has important biological implications. Very
likely, the Ca2+-induced stiffening of SiiE only occurs after SiiE is
secreted by the T1SS. It should be favored by the high amounts
of divalent cations bound to LPS in the outer leaflet of the outer
membrane (Leive, 1974). Ca2+ might further help stabilize SiiE
within the LPS layer because LPS molecules also interact via
negatively charged head groups with cations (Leive, 1974). If
one envisions that water molecules currently participating in
Ca2+ coordination in SiiE BIg50:52 could be substituted by
O-polysaccharide moieties from LPS molecules, then Ca2+
ions could function as crosslinks between SiiE and the LPS layer.
SiiE mediates adhesion of Salmonella to polarized epithelial
cells. However, it is currently not clear what types of receptors
are recognized by SiiE on host cells, and moreover, which
domains of SiiE participate in host cell interaction (Wagner
et al., 2011). The structure of SiiE BIg50:52 provides for a number
of possibilities regarding the adhesion mechanism. Adhesion
could be triggered by protein-protein interactions. Such mecha-
nisms hold true for adhesins from gram-positive bacteria that
preferentially bind to matrix proteins (Patti et al., 1994). They
also contain Ig-like domains, however, not necessarily belonging
to the BIg family, and are often referred to as MSCRAMMs
(microbial surface components recognizing adhesive matrix
molecules). In a crystal structure of an adhesin fragment from
Staphylococcus epidermidis in complex with a fibrinogen-
derived peptide, the peptide binds alongside strand G of a DE-
type variant of an Ig-like domain (Deivanayagam et al., 2002;
Ponnuraj et al., 2003). A similar mode of receptor interaction
would also be plausible for SiiE. In fact, BIg domain 50 repeat-
edly interacts with a copy of itself in all six independent SiiE
BIg50:52 molecules that are present in total in the two crystalStructure 21forms. The interaction surface is as large as 690 A˚2 and contains
a number of hydrophobic residues involving 29V5091, 34I5096,
66P5122, 76M5129, 77A5130, and 79P5132 (Figure 7). We do not
observe the formation of SiiE homodimers in solution; therefore,
this nonphysiologic interaction could mimic the interaction
between SiiE and putative Ig-like domain-displaying receptors
from host cells. An involvement of BIg domain 50 in specific
protein-protein interactions would also explain the uniqueness
of domain 50 when compared to all other SiiE BIg domains.
Many microbial adhesins promote adhesion to host cells
by recognizing polysaccharides displayed from cell surfaces
(Juge, 2012). No crystal structure of a BIg domain has been
solved in complex with sugars; however, a few Ig-like domain
structures have been reported in complex with oligosaccharides
such as mammalian Siglecs (Crocker et al., 2007). The Ig-like
domain that binds sialic acid in Siglecs displays a V-set Ig-like
fold and bind sugars toward the beginning of the b strand G
(May et al., 1998). In the case of SiiE, a cleft that is formed be-
tween loops B and C as well as loops D and E in domains 51
and 52 containing residue 74W could possibly provide an attach-
ment site for sugar molecules (Figure 7). Because these loop
segments occur in multiple copies throughout SiiE, this model
implies that multiple contacts could be formed between SiiE
and carbohydrate chains on host cell proteins or phospholipids.Conclusions
Although the crystal structure of SiiE BIg50:52 describes only a
small portion of the entire 5,559-residue long SiiE molecule,
insights gained from this structure can be readily extended to
almost the entire SiiE protein. The structure of SiiE suggests
that Ca2+-depletion might facilitate secretion of partially
unfolded and highly flexible SiiE via a T1SS, whereas postsecre-
tional Ca2+ binding rigidifies SiiE and helps to anchor SiiE on the
cell surface. The structure of SiiE also suggests different possi-
bilities for the initial attachment of Salmonella to host cells.
Because this interaction is an important initial event in diseases
caused by Salmonella, it represents an interesting target for anti-
infective approaches.EXPERIMENTAL PROCEDURES
Production of SiiE Variants
Full-length SiiE was enriched directly from culture supernatants. A Salmonella
DfliI DfimD strain MvP650 deficient in assembly of flagella and Fim fimbriae
was used to avoid interference by the presence of other large filamentous
proteins secreted into the culture supernatant. Overnight cultures of strains
were diluted 1:100 in 50 ml LB medium and subcultured at 37C with aeration
on an orbital shaker platform at 150 rpm. After 6 hr of culture, bacteria were
pelleted by centrifugation at 10,000 3 g for 10 min at 4C and culture super-
natant was passed through a syringe filter with 0.45 mm pore size (Millex filter
units, Merck Millipore, Darmstadt, Germany). Protein in the supernatant was
concentrated using Amicon Ultra 15 centrifugal filter device (Merck Millipore)
with a molecular weight cut-off of 100 kDa. After 25- to 50-fold concentration,
LB medium was exchanged with PBS.
We also produced a deletion version of SiiE termed mini-SiiE that lacks the
central residues 404 to 5053. Mini-SiiE was recombinantly produced in
Escherichia coli and purified to homogeneity as described in detail elsewhere
(Sturm et al., 2011). The crystal structure determination was achieved with a
smaller fragment of SiiE that covers BIg domains 50–52 of SiiE. SiiE
BIg50:52 was obtained via limited proteolysis of mini-SiiE with proteinase K
and its identity confirmed by mass spectrometry (Sturm et al., 2011)., 741–752, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 749
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Single-molecule force spectroscopy experiments were performed in filtered
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, pH 7.4)
with a MFP three-dimensional atomic force microscope (Asylum Research,
Santa Barbara, CA). Cantilevers with gold coating on both sides were used
(Biolever, Olympus, Tokyo). The cantilever spring constants (5 pN/nm)
were calibrated by the thermal noise method before the measurements
(Cook et al., 2006). Purified protein solution was incubated on a gold-coated
glass substrate for approximately 120 min and gently rinsed afterward with
PBS. Force curve velocity was set to 2 mm/s. The tip was pushed onto the
surface for 2 s with a force of 2 nN. About 2%–10%of all recorded force curves
showed the characteristic sawtooth pattern. The concentration of the SiiE
protein solution was varied between 10 and 100 mg/ml. Increasing the concen-
tration also increased the probability of protein binding to the tip. The unfolding
forces and sawtooth pattern were observed to be independent of the protein
concentration. A control using filtered PBS without SiiE proteins showed no
force curves with characteristic sawtooth patterns at all. The unfolding forces
were calculated as the peak force of the individual unfolding events relative to
the unloaded cantilever.
The stretching behavior of a semiflexible polymer chain due to a force F can
be described by the worm-like chain (WLC) model (Bustamante et al., 1994),
Fp
kBT
=
1
4

1 x
LC
2
 1
4
+
x
LC
;
where LC is the contour length, p is the persistence length, x is the end-to-end
distance of the polymer chain, kB is the Boltzmann factor, and T is the
temperature.Wefitted theWLCmodel to eachof thepeaks in a force curve (Fig-
ure 1B), giving the persistence length and respective contour lengths of the
protein. Each unfolding event results in an increase of the contour length. The
difference in contour length between two consecutive peaks gives the length
change due to the unfolding. We used a single persistence length for all fits
belonging to one force curve (one-parameter global fit), but allowed the persis-
tence length to vary between fits belonging to different force curves.
Protein Crystallography
Crystallization of SiiE BIg50:52, collection of diffraction data sets and the initial
solution of the phase problem has been described earlier (Sturm et al., 2011).
Briefly, crystallization of SiiE BIg50:52 yielded two crystal forms. Whereas
crystals of native SiiE BIg50:52 in crystal form I were obtained with buffers sup-
plemented with 0.2 M calcium acetate and diffracted to 1.85 A˚, the crystals of
selenomethionine-labeled SiiE (crystal form II) diffracted to only 2.15 A˚ resolu-
tion with no additional Ca2+ ions included in the crystallization buffer. Both
crystal forms belong to space group C2, but differ in unit cell dimensions.
This is congruent with the presence of two and four molecules in the
asymmetric unit of crystal form I and II, respectively. The structure of seleno-
methionine-labeled SiiE BIg50:52 in crystal form II was solved first using the
SAD method and programs SHELXC, SHELXD, and SHELXE (Sheldrick,
2008). Autotracing with SHELXE yielded a partially traced model that was sub-
sequently completed by carrying out several rounds of manual model building
in COOT (Emsley and Cowtan, 2004) followed by automated refinement with
the program REFMAC (CCP4, 1994).
The higher resolution structure of SiiE BIg50:52 in crystal form I was then
solved by molecular replacement using the program MOLREP (Vagin and
Teplyakov, 2010) and the structure of SiiE from crystal form II as a search
model. A final refined model was obtained by alternating between the pro-
grams COOT and REFMAC as carried out before with the structure in crystal
form II. At the beginning of the refinement, noncrystallographic symmetry
restraints were applied in REFMAC to the multiple copies of SiiE BIg50:52
present in both crystal forms, but these restraints were removed during the
final stages of refinement (Table 1). The validation of the final models was per-
formed using the MolProbity webserver (Chen et al., 2010). Superpositions of
SiiE molecules and domains were performed with the program Superpose
(Krissinel and Henrick, 2004).
Bioinformatics Studies
The sequences of the 53 SiiE BIg domains were aligned using program
TCOFFEE (Notredame et al., 2000) and following the domain assignment pro-750 Structure 21, 741–752, May 7, 2013 ª2013 Elsevier Ltd All rightsposed by Gerlach and colleagues (Gerlach et al., 2007). A few manual adjust-
mentsweremadeguidedby theSiiEBIg50:52 crystal structure andwith special
consideration for the calcium-binding aspartate residues. Subsequently, the
resulting alignment was subjected to a phylogenetic analysis using the pro-
grams PROTDIST, NEIGHBOR, and DRAWTREE of the PHYLIP package
(Felsenstein, 1996; version 3.67, http://mobyle.pasteur.fr) and the Jones-
Taylor-Thornton matrix as the distance model. Logos from this alignment
were generated with the program WEBLOGO (Crooks et al., 2004). Solvent-
accessible surface areas were calculated with the program AREAIMOL
(CCP4, 1994).
MD Simulations
Molecular dynamics calculations were performed for SiiE (crystal form II;
residues 5,079–5,361) in the presence and absence of calcium. For the
latter, the calcium ions were removed from the starting crystal structure.
The protonation state of histidines was checked visually and either Nd or
Nε protonation was chosen to guarantee optimal hydrogen bonding. N-
and C-terminal residues of BIg50:52 were blocked with acetyl and
N-methyl-amide groups, respectively, to prevent nonphysiologic charged in-
teractions of the termini.
The systems were neutralized with Na+ ions and placed in a TIP3Pwater box
with at least 12 A˚ space to the box boundaries. Minimization and molecular
dynamics simulations were carried out using AMBER (Case et al., 2010) by
applying the force field ff99SB according to a standard protocol: energy mini-
mization was carried out in three subsequent steps (minimization of water
while restricting the protein, minimization of protein side chains while restrict-
ing the backbone, removal of all constraints, and minimization of the whole
system) before the system was heated to 310 K (100 ps, NVT ensemble) and
equilibrated (400 ps, NPT ensemble) at simulation conditions. Subsequently,
the system was subjected to a 150 ns production phase at a time step of
2 fs and periodic boundary conditions. SHAKE was applied to fix all
hydrogen-involved covalent bonds. The obtained trajectory was processed
utilizing the AMBER tool ptraj. Structure visualization was performed with
VMD.
Electron Microscopy
Full-length SiiE was isolated as previously described and further purified with
an ion exchange chromatography step (MonoQ column, GE Healthcare,
Munich) with elution by a NaCl gradient. SiiE-containing fractions were pooled,
dialyzed against PBS buffer, and concentrated by ultrafiltration. Fifteen micro-
liters of SiiE (30 mg/ml) were incubated with EDTA, EGTA, and/or MgCl2 or
CaCl2 at 37
C for 15 min. Two microliters of protein sample were mixed with
6 ml of 50% glycerol and sprayed onto freshly cleaved mica sheets. Thereafter
they were rotary-shadowedwith carbon-platinum at an angle of 8 followed by
shadowingwith carbon at an angle of 90 in a Bal-Tec BAF300 evaporation unit
(Tyler and Branton, 1980). Replicas were floated onto double distilled water,
transferred to EM grids, and imaged in a Zeiss LEO 906 electron.
Bacterial Strains, Cell Culture, and Invasion
Salmonella enterica serovar Typhimurium NCTC12023 was used as wild-type
(WT) strain. Isogenic strains MvP812 and MvP813 deficient in siiF and invC,
respectively, have been described previously (Gerlach et al., 2008). MvP812
lacks the ATPase of the SPI4-encoded T1SS and is unable to secrete SiiE.
MvP813 is deficient in secretion by the SPI1-encoded T3SS and cannot
secrete effector proteins required for host cell invasion. Invasion of polarized
MDCK cells or non-polarized HeLa cells by Salmonella strains was determined
by gentamicin protections assays as reported before (Gerlach et al., 2008).
Briefly, bacterial overnight cultures were diluted 1:31 in LB and subcultured
for 3.5 hr in glass test tubes with aeration. The bacterial inoculum was diluted
in PBS to achieve anOD600 of 0.2. To test if chelation and/or addition of divalent
cations affect SiiE-mediated adhesion and invasion, the inoculum was pre-
treated under various conditions as specified in Figure 6. Subsequently, host
cells were infected at a multiplicity of infection of 5. After addition of the inoc-
ulum to host cells for 30 min, noninvaded bacteria were removed by washing
and killed by the addition of 100 mg/ml gentamicin. After incubation for 1 hr,
the host cells were washed with PBS, lysed by addition of 0.5% (w/v) desoxy-
cholate in PBS, and serial dilutions of the lysate were plated onto agar plates to
determine the number of gentamicin-protected colony-forming units.reserved
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The coordinates and structure factors of SiiE BIg50:52 in crystal form I and II
have been submitted to the PDB under accession codes 2YN5 and 2YN3,
respectively.
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